ABSTRACT The frequency, composition, and structure of circular replicating forms of mitochondrial DNA, including two new forms described here, suggest a scheme for the mode of replication of this DNA.
The closed-circular mitochondrial DNA (mtDNA) isolated from exponentially growing mouse L cells contains a substantial fraction of displacement-loop molecules (1) . These molecules, formed by displacement synthesis in the first discrete stage of DNA replication, contain a short progeny strand hydrogen-bonded at a unique site to the light parental strand. This communication describes the structure of larger circular replicative intermediates that appear to have been formed upon the continuation of displacement synthesis and the subsequent asynchronous synthesis of light strand on the displaced heavy strand. A sequential arrangement of the replicative structures has suggested a scheme for certain aspects of the replication of mtDNA (Fig. 1 ). This scheme is given here so as to simplify the l)resentation of the results on which it is based.
MATERIALS AND METHODS
The radioactive mtDNA and the separate mtDNA complements were prepared as described (1) . The upper and lower bands from the final ethidium bromide-CsCl density gradient were fractionated as shown in Fig. 2 of ref. 1, except that the central four fractions, rich in catenanes, were not included in the upper-band sample. The hybridizations were performed at 70'C in 3 M CsCl, pH 8.5, for 4 hr.
The electron-microscope experiments were performed as described (1) , except that the formamide concentration in the hypophase was 17% instead of 10% so as to enhance the difference in appearance between duplex and single-stranded DNA. The should be about 4-6%. The otherwise flat distribution indicates that the rate of displacement synthesis is uniform. The zero value in the 0.1-0.2 G interval may be a statistical fluctuation. Expansions of this size were seen in other experiments. Catenanes were excluded from the 0.9-1.0 G interval with the requirement that some single-strandedness be observable close to at least one of the two junctions between the two circles. This requirement may have reduced the frequency and obscured a maximum value in the latter interval. molecules >0.55 G contained no detectable duplex regions in the displaced segment. All data points, with one exception, fall below the diagonal line that gives the position for fully duplex expansions or Cairns' forms. Such forms have been reported to occur at a low frequency in mtDNA (3).
If we assume that the fork at origin 0 ( Fig. 4A ) remains stationary during replication, we find that there are two ways to explain the restriction against the initiation of lightstrand synthesis before the expansion has reached 0.55 G. Release from some regulatory mechanism occurs after the expansion has reached the critical value and permits initiation anywhere on the displaced heavy strand. Alternatively, initiation of duplex synthesis is limited to the 0.55-1.0 G region on the displaced strand. Initiation of light-strand displacement synthesis on a duplex part of an Exp-D molecules is regarded as unlikely because second displacement loops, easily visualized if over 100 nucleotides long, were absent. In order to examine the above alternatives, we mea- (Fig. 4C) . The maximum in the interval of 0.6-0.7 G indicates that the latter explanation is more likely and that the first initiation occurs mainly in this interval.
In order to test this premise further, we arranged the displaced segments in order of size and selected the orientation of each segment so that the distance between the fork (at the left side of the diagram) and the distal end of the duplex region was closest to 0.6 G (Fig. 4B) (Fig. 6) ; 1i, data obtained on measurement of the molecules used for construction of Fig. 3A . The numbers within the symbols represent the number of overlapping data points. The origin for displacement syn- 4C' ) than is indicated in Fig. 4C . The alternative orientations result in a distribution (Fig. 4C") free of any significant maxima or minima.
Gapped circular molecules
The gapped circles account for 16-22% of the circular forms in the upper-band preparations ( incomplete daughters that formed upon separation of the displaced circles from the completely or almost completely expanded D-loop DNA (Fig. 1) . The Gpc molecules containing small gaps between 0.0 and 0.1 G, with a mean length of 0.03 + 0.02 G, account for 8% of the circular forms and for about one-half of the Gpc molecules. The frequency of these molecules suggests that separation has occurred just before displacement synthesis was completed and that small-gapped a Gpc molecules accumulate before the gap-filling synthesis occurs (Fig. 1E) . Alternatively, if separation had occurred after completion of displacement synthesis but just before the completion of duplex synthesis, small Gpc molecules would have formed.
Fractionation of Exp-D and Gpc molecules by velocity sedimentation
The distribution of radioactivity in a sucrose gradient after centrifugation of a sample of upper-band mtDNA has a maximum that corresponds to the major species, nicked monomeric DNA, and a small maximum at the calculated position for doubly open catenanes (Fig. 6) . Selected fractions were examined in the electron microscope, and about 150 molecules in each were classified. The relative size of the expansion and the relative gap size were also estimated. The frequency of Exp-D DNA (ignoring linears and oligomers) increased steadily from 5 to 37% in the gradient. The relative expansion also increased. To determine whether strand specificity is involved in the formation of Exp-D molecules, we annealed the DNA in fraction 16 (Fig. 6) , enriched in larger Exp-D molecules, in separate experiments with a 50-fold excess of heavy and light mtDNA strands. The annealing with heavy strands did not alter the appearance of Exp-D molecules, which declined in frequency from 37 to 22% of 160 molecules. The loss is at least in part due to scission(s) in expanded segments, which results in molecules indistinguishable from hybridized Gpc molecules. Annealing with light strands formed simple Exp-D hybrids (Fig. 7a) , as well as complex structures (Fig. 7b) (Fig. 1H) .
As was noted earlier, we have made the assumption in the interpretation of our results that displacement synthesis is unidirectional and that the fork at the origin 0 (Fig. 4A) Fig. 1 .
We have also assumed in the above displacement-loop model for replication that the progeny and parental strands are not covalently connected. In our initial attempts to examine this question experimentally, we exposed fraction 16 (Fig. 6) , enriched in Exp-D molecules, to submelting conditions, Tm -250C, in order to induce branch migrations at the forks (4). 6 and 9% of the 90 molecules examined in each of two experiments developed single-strand tails at both forks (Fig. 8) , and 12 and 29% did so at one fork. While these preliminary results demonstrated that a small fraction of the larger displacing strands are noncovalently attached, they are not taken to mean that the remainder are covalently attached. The factors that govern the rates and the equilibria for the process of branch migration in Exp-D molecules are inadequately understood. These studies are continuing.
The data in Table 1 and in Fig. 3 have been combined to provide an estimate of the fractional number of circular molecules that are replicating in the exponentially growing mouse L cells at any one time. The larger (>0.l G) Exp-D and the larger-gapped (>0.l G) Gpc molecules account for approximately 5% of the mtDNA in preparation 2. If we assume that this frequency is an index of the fractional number of molecules replicating at any one time and that each molecule replicates once per division during the 12-hr S and G2 periods (5, 6) , the estimated minimum average rate of duplex formation is about 0.1 /Am/min, compared with 0.5-1 JAm/min for the nuclear DNA (7) and 50 ,m/min for bacterial DNA. The contribution of the closed D-loop DNA was excluded from the calculation because these molecules represent a holding point in the process (1) . The small-gapped Gpc and the small Exp-D molecules may similarly be holding points.
Several studies of the mode of replication of circular DNA in animal cells have appeared recently. Arnberg et al. (8) have shown that closed D-loop molecules also occur in chick liver mtDNA. Replicative intermediates in SV40-infected monkey cells appear to be nicked and rapidly reclosed in the course of a Cairns-type replication with incomplete progeny strands noncovalently attached to parental strands (9, 10) .
This same Cairns mode of replication was also inferred in studies of the replication of polyoma DNA in infected mouse cells (11, 12) .
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